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interfaced impedance analyzer over afrequency range from 100 millihertz
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(~2 mm) planar crystal sample was placed between the plates of a
modified parald plate capacitor and illuminated on the side with linearly
polarized argon-ion laser light operating a select wavelengthsin the blue-
green with photon energies that are dightly below the bandgap energy of
SBN. Impedance spectrawere obtained in the dark between room
temperature and 70°C and compared with impedance spectra obtained
with laser illumination at room temperature. Dark measurements at dl
temperaures are consgstent with studies in the literature that suggest
electron hopping as the predominant charge transfer mechanism.
Illumination markedly changed the conductivity of the crystal and the
charge trandfer mechanism by eevating sgnificant numbers of charge
cariersinto the conduction band. Thiswas found to be independent of the
polarization of the light and dightly dependent on its wavdength over our
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|. Introduction

Strontium barium niobate (SBN) is an opticdly interesting, transparent crystal.
By thiswe mean that it both aters and is dtered by visblelight. This phenomenon
offers severd interesting and technologicdly important gpplications: as a holographic
information storage medium, as a wave-guide to confine and steer beams of light, and as
an amplifier and mixer of light. Asaresut of these optica properties, asgnificant
amount of scientific research has been devoted to investigating the behavior of SBN.
This research has firmly established thet the optica nature of the crystd isaresult of its
conductive and diglectric properties. Very little scientific literature exigts, however, on
the eectrica nature of SBN asit is subjected to optica stimulation. The purpose of this
research istherefore to investigate the eectrical characteristics of SBN under high

intengty illumination.

II. Propertiesof SBN
For more than a quarter century, physicists and materids scientists have been
sudying the structure and properties of SBN. Its interesting behavior when illuminated
with intense light has made SBN and other crystals with smilar Sructure very important
in optical physics with possible applications to tedecommunications and laser physics.
Aswith dl crygstds, SBN is comprised of many atoms bonded together in a
repeeting pattern. The electrons that hold these atoms together are bound to the crystal
dructure. Those few eectronsthat are not bound to the individud aomsin the crysta
| attice can move around, or conduct. Because SBN has so few of these conduction

electrons, it is classfied asavery good dectrical insulator, called adieectric. If acrystd



of SBN isilluminated with intense light, however, some of the non-conducting eectrons
can become energetically excited and mobilized to conduct through the lattice. Thus, as
SBN isilluminated, it becomes more conductive to the flow of dectricity.

Additionaly, SBN isaspecid type of didectric materid known as aferrodectric.
The phenomena associated with ferrodectricity, demondtrated in detail below, lead to the
extraordinary optical effects associated with SBN. To understand the photoconductive
and ferrodlectric nature of SBN it is necessary firg to investigate the materid’s

characterigtic crysta structure and dectronic configuration.

A. Structure

Strontium barium niobate is a synthesized crystd of the form Srs.xBayNb1oO30 and
has a tetragond tungsten-bronze structure. The unit cell for this structure, illustrated
below in Fig. 2.1, conssts of ten oxygen octahedrajoined at the corners. Insde each
octahedron resdes aniobiumion. The arrangement of the niobate octahedrais such that
there are severd holes (cdled interdtitial Sites) in the oxygen lattice. There arefive types
of interdtitid gtes, labded A1, A2, B1, B2, and Cin Fig. 2.1. The other crysta ions
resdeinthese Stes. Barium, the largest atom in the SBN composition, will fill the
largest Sites, denoted A2 in the diagram. The next largest ion, strontium, is randomly
digtributed among remaining unfilled A2 sites and the next largest Sites, labeled Al
Niobium resdesin the B1 and B2 sites. The C stesin the Structure are too smadl to

accept any of theionsin SBN so remain empty for pure, undoped crystals:

M. E. Linesand A. M. Glass, Principles and Applications of Ferroelectrics and Related Materials,
(Clarendon, Oxford, 1987), pp. 280-283.
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Figure2.1: Unit cell geometry of SBN?. Theinterstitial sitesare labeled A1, A2, B1, B2 and C.

B. Band Structure and Photoconductivity

While the configuration of theionsin the crystd lattice isimportant, it isthe
resulting eectron distribution that gives solid- state materias, such as ferroelectric
crysas, their digtinct eectrica properties. When alarge number of atoms combine, asin
acrysad latice, their eectronsinteract o that only certain eectron energy states can
exis. Thedidribution of eectron energy states is dominated by bands of densely packed
allowed states separated by bands devoid of alowed states.

A 0lid-gate materid’ s dectronic behavior is dictated by this distinct band

gructure, asillugtrated below in Fig. 2.2. For insulators, the low energy band, or vaence

2 Lines, p. 280.



band, is completely full of dectrons. The high-energy states, cdled the conduction

band, are empty. The energy gap between the valence and conduction bands, called the
forbidden zone or band gap, isvery large. Thus, an insulator ressts the flow of eectrons
because there is no way for it to promote low energy dectrons to the higher energy
conduction dectron sate: the gap istoo large for many thermaly excited valence
electrons to jump.

In a semiconductor, the vaence band is again full and the conduction band empty
at absolute zero. However, the band gap is small enough that, at temperatures above
absolute zero, some thermally excited vaence eectrons will have enough energy to move
into the conduction band. This meansthat a smal number of conducting e ectrons will
exig in the conduction band and will dlow the flow of dectricity.

A metal isamaterid that isavery good eectric conductor. At absolute zero, the
vaence band is full and the conduction band partidly filled. This meansthat no extra
energy is needed to promote eectrons into the conduction band and that electrons can

flow very eesly.



Conduction Band

Energy

Band Gap

Insulator Semi-conductor hetal

Figure2.2: Illustration of solid-state material types and energy band structure at absolute zero. The white
rectangles represent empty energy state; the black show filled states.

SBN isan insulator because it has alarge band gap and very few eectronsin the
conduction band at room temperature. Thermal excitation a norma room temperatures
cannot provide very many vaence dectrons with sufficient energy to jump the band gap.
However, light of sufficiently high frequency can promote vaence eectronsto the
conduction band. So, under illumination, SBN becomes much more conductive. Thisis
known as photoconductivity.

In redlity, most materids classfied asinsulators, caled diglectric materids,
conduct eectronsto some degree. For various reasons, there are eectron energy states
within the band gap. One mechanism for creating these sates is the process of doping.
A common example istheindugtria doping of the naturd semiconductor slicon. Silicon
has a band gap that is narrow enough to dlow a small fraction of the vaence ectronsto
be thermally excited into the conduction band at room temperature. To increaseits

conductivity, dlicon is often mixed, or doped, with e ements from Group V of the



periodic table, such as arsenic. These atoms have one more vaence eectron than
dlicon. When added to the silicon crystd lattice, arsenic will have one unbonded
eectron. It exigtsin an energy state within the band gap, asillustrated in Fig. 2.3. Such
band gap eectrons require less thermal energy to be excited into the conduction band.
For SBN, defects in the crystd lattice created during manufacturing and the fact that the
grontium and barium ions randomly occupy intertitia Stes between adjacent unit cdls

create many of these inter-band gap energy states®

Conduction Band

- - Band Gap

Energy

- BEand Gap Energy
Sites

Yalence Band

Figure 2.3: Band gap electron energy sites.

C. Ferrodectricity

One reason that SBN is such a common candidate for study is that it conveniently
exhibits a property known as ferroglectricity at room temperature. Like dl eectrica
insulators, SBN can be polarized. For a polarizable materid, the positive and negetive
charges that make up adielectric will separate in the presence of an eectric field, creating

adipole moment (a postive and negative charge separated by asmdl distance). These

3 C. Kittel, Introduction to Solid State Physics, (Wiley, New Y ork, 1986), pp. 158-167.




dipoles will redlign themsdlves so that the more positive end points in the direction of
the applied eectric field. In common dielectrics, the dipole moments will collapse and
randomly rearrange themselves so that no polarization remains after the dectric fidd is
turned off. In aferrodectric, the polarization exists even after the field is removed.*

At room temperature, the actud structure of SBN differs dightly from the
sructure introduced in Fig. 2.1. If one were ableto look a SBN dong the oxygen plane
(i.e. looking down the a or b axes) one would see that the strontium, barium and niobium
ionsreside dightly above or below the oxygen plane. It isthis separation of ions that
givesrise to the ferroeectric nature of SBN. The dipole moments created by this
separation of ions remain regardless of the applied fidd.

However, when that same crystd is heated above a certain temperature, known as
the Curie temperature, these ionsfal into the oxygen plane. This Curie temperature, T,
is characteristic of dl ferrodectric materids. It isthe temperature above which thereis
no spontaneous polarization.’

At temperatures greater than T, SBN isin a state known as paraglectric where
there is no net polarization in the absence of an gpplied field. The crystd lattice shifts
dightly to alow the barium and strontium ionsto fal into the oxygen plane. The net
result is an unpolarized crysta because dl postive charges resde in the same plane as
the negative charge. Below T, the lattice contracts, pushing the positive ions out of the
plane, creating the requisite charge separation. This ferroe ectric mechanism of moving

lattice ionsis known as a displacive phase trangtion. The Curie temperature for SBN is

* Kittel, pp. 373-374.
° P. B. Jamieson, et al, “Ferroelectric Tungsten Bronze-Type Crystal Structures. |. Barium Strontium
Niobate Bag 27Sr0.7sNb,0s 7g,” The Journal of Chemical Physics48, 11 (1968).
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goproximately 343 K, therefore this experiment will be conducted well within the

ferroelectric domain.®

Sr, Ba lons

|

Cixygen Plane /l\ @ G_}T

& @

Digole moment

T=Tc T=Tc

Figure 2.5: Displacive ferroelectric transition. At temperatureslower than the Curie temperature, lattice
ions are pushed out of the oxygen plane. The charge separation between the positive ions and the negative
oxygen plane create dipole moments.

For anormd ferroelectric, the spontaneous dipole moments are generated
randomly, with some pointing up and some down. Through a process known as
ferroelectric poling, acrystd can be made to contain dipole moments pointing in the
same direction. A poled crystd is created by hesating the ferroelectric to above T and
cooling it to room temperature while in astrong dectric fiddld. Asthe crystd cools and
the displacive phase trangition moves the ions out of the oxygen plane, the externd
electric field tends to force the positive ions to one Sde of the negative oxygen plane.
This crestes many pardld dipole momentsin the crystd, giving the crystd alarge net

polarization.

b Kittel, p. 378



D. Optical Effectsand Other Phenomena

The structure and ferrodectric nature of SBN give rise to its unique optica
properties. Through a special consequence of the crysta’ s asymmetry and
ferrodectricity, a phenomenon known as the linear dectro-optic effect will cause the
charge released through photoconductivity to change SBN's index of refraction to light.
This change in refractive index has made it possible to store hologramsin SBN, and other
materids, viathe photorefractive effect. 1n another consequence of the structura
asymmetry of SBN, an gpplied siress will produce an eectric fidd within the crysd, a
phenomenon caled piezodectricity.

While not the primary focus of this investigation, these phenomena and the other
interesting properties of SBN make it important both to research and to gpplicationsin

technology. A discussion of these effectsis contained in Appendix A.

[11. Impedance Spectroscopy
Impedance spectroscopy isatool used to examine the eectrical properties of
didectric materids. A didectric materia ismodeled as an eectric circuit and the ided

circuit dements in this modd represent the eectrical behavior of the solid-sate materid.

A. Circuit Modd

A capacitor is adevice that stores charge and dectrica energy. Capacitance, C, is

the ratio of the charge on the device to the gpplied voltage. Potential energy isstored in

11



12
an dectric field that is set up by the accumulation of charges. A smple capacitor

mode is the pardld-plate capacitor illustrated in Fig. 3.1 below.

+ | — | -
= N
% = = = g
T (N
+ |-
_—

L

Figure3.1: Parallel plate capacitor with plate area, A, plate separation, L. The charge buildup set up by
the applied voltage, V, creates an electric field, E.

When avoltageis applied to these parallel plates, postive charge piles up on the
plate on the left. This pogtive charge atracts negative charge on the right-hand plate,
creting an dectric fidd between the plates. If thereisno materid between the plates,

the cgpacitance of this arrangement is.

A
Co= 2= (3-1)

where this “empty cdll” capacitance is determined by the area of the plates, A; the
distance, |, between them; and the permittivity of free space, ey, aphysical congant.

Since SBN and, indeed, al didectric materias exhibit properties of resistance and
cagpacitance, the circuit model used in this experiment, shown below in Fig. 3.2, hasa

parale combination of capacitance and resistance.
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Rp
-

Figure 3.2: Circuit model of solid-state crystal used in impedance analysis.

where R, and C,, represent the bulk resistance and capacitance of the didectric sample.”
The mode in Fig. 3.2 assumes that the didectric we are studying is a Debye
didectric. A Debye didectric has only one distinct relaxation time or time constant

defined ast © R.C, .2

B. Circuit Analysis
The analyds of the circuit modd in Fig. 3.2 begins by gpplying asnusoidd ac.
voltagesgnd, V(t). It iscustomary to write this Snusoidal sgnd as
V(t) =V,e™ (3-2)
For thissignd, Vj is the amplitude of the voltage, and w isits angular frequency (w =

2pf, where f isthe frequency in Hz). It can be demondrated that asignd inthisformis

" J. R. Macdonald, Impedance Spectroscopy: Emphasizing Solid Materials and Systems, (Wiley, New
York), pp. 12-16.
8 V. V. Daniel, Didlectric Relaxation, (Academic, London, 1967), pp. 15-18.




14
snusoida by amathematicd identity caled Euler’ sformula, that states

e =cog(q)) +isn(q) , wherei isthe imaginary number, /- 1.

A voltage placed acrossthis circuit will create a current, I(t), that is dightly out of
phase with the voltage. Asthe capacitor isfirst charging up, current flows very eedly, as
there is no charge on the capacitor plates and there is correspondingly no voltage across
the plates. As charge increases, the voltage across the plates increases and opposes
current flow in the circuit. Therefore, current will dways rise to its pesk vaue before
voltagein an ac. circuit. This phase rdationship is most easly represented in the
fallowing notation:

I (t) = 1,e") (3-3)
where | isthe amplitude of the current, w isthe angular frequency of the voltage
sgnd, and f isthe phase lead.

By Ohm’s Law, the voltage and current signds for the circuit in Fg. 3.2 give the
complex impedance of the circuit, a measure of the totdl resstance to current flow. This

impedance, Z', isgiven by:

jwt
72 =YO _ Mo (3-4)
I(t) 1,ev

The expression in Eq. 3-4 is cumbersome and hard to ded with experimentaly. It
is possible, through cal culating the current through each circuit dement, to find an
expression for the impedance in terms of bulk resstance, capacitance and frequency.

Thetotd current flowing in the circuit will split, asillustrated below, and two

separae currents will flow through the resistor and the capacitor:



[tot

Figure 3.3: Circuit model with branch currents

Because total charge in the circuit must be conserved, we see that the tota current
can be written:
Lo (D) =1, (0) +1 (1) (3-5
Applying Ohm’s Law and the fact that that the current through a capacitor equalsthe

capacitance times the time rate of change of the voltage across the capacitor, Eq. 3-5

becomes:
VO VO, o VO (36)
Z' R it
Combining Eg. 3-6 and the expression for V(t), wefind:
1 1 .
— =—+iwC 3-
7 =R e, (37)
Solving for Z',
R
- (3-8)

/Z =—
1+|\/\RpCp

15
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Thus, measuring the complex impedance of a didectric materid at acertan

frequency will reved information about the dielectric’ s bulk resistance and capacitance.’

C. Impedance Arc
It is customary to think of the complex impedance given in Eq. 3-8 as congsting
of ared part and animaginary part. That is, the complex impedance can be written:
Z =Z-iz" (3-9)
where Z¢is known as the real component and Z2 is the imaginary component of Z'.
Expressions for Z¢and Z2 interms of only R,, Cp, and w can be found by
multiplying the numerator and denominator of Eq. 3-8 by the complex conjugete of the

denominator:

__ R @IiWRGC)_ R . WRC, (310
1+iwR,.C, (1- iWR,C,) 1+WR:C? 1+WR:C?

Comparing Egns. 3-9 and 3-10, it is obvious that:

R

Z'=—" 3-11
1+W?R*C? (11)
p—p
and,
vz _WRC, (3-12)
1+W'R:C]
The expressonsin Egs. 3-11 and 3-12 can be written in the following form:
& Rif R’
&Z-—qg +[2] == (3-13)
é 2 4

° Macdonald, p. 12.
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A plot of Eq. 3-13, with vaues for Z¢on the horizonta axisand Z2 on the

vertical axiswill yield asemi-circle of radius Ry/2 centered at Z¢= R,/2 and 72 = 0. This
isreferred to as the impedance arc of the didectric materid. Our application of

impedance spectroscopy will focus on measuring and andyzing these arcs for pecific

materids.

Rp/2

Rp/2 Rp
7

Figure3.4: Smpleimpedance arc. Notethat the Z' interceptisat Z' = R;,.

D. ThelLoss Tangent

The power loss, ameasure of the energy absorbed by the crystal when avoltageis
placed across it, depends on the phase lead between the voltage and current. This can be
determined by measuring Z¢and Z2.

The expression for dectrical power is

P(t) = Vreal (t) I real (t) (3_ 14)
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where Viey (t) and lyeq (t) can be found from Egs. 3-2 and 3-3 and an

examination of Eule’ s formula:

Vreal (t) :VO COS(W) (3‘ 15)
| ea (1) = I COS(WE +f) (3-16)
) VO
where, by Ohm'sLaw, |, :Z—.
0

Applying the trigonometric identity that cos(a +b) = cos(a) cos(b) - an( a)In( b)

to the current:

OE \Z/—O[cos(wt) cosf - sn(wt)snf | (3-17)

0

Multiplying Egs. 3-15 and 3-17 together to find power yidds.

P(t) = \;—"Z[cosf cos? (wt) - sinf cos(wt) Sn(wt)] (3-18)

0

The expression in Eq. 3-18 gives a vaue for instantaneous power 10ss a some
specific time, t. When power loss is measured in the |aboratory, only average loss over
an entire Snusoidd period isuseful. The average vaue of a periodic function isthe sum

of every vadue of thet function over one period divided by the period. Application of this

definition yields the average power:
S P(t)dt
Pu = Q. T(t)
NE 6 cos® Wt)dt /2 d sn( W) cos(wt )it 19
:Z—‘:cosf‘of—z—(;s'nf a T

where T isthe period for one cyde of the snusoidd function P(t). Evauation of

the integrdsyidds.
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2

V,
P, = ——cosf (3-20)
2Z

av
0

Custom and mathematical necessity dictate that the phase angle,  , be replaced

with the complementary angled, whered + f = p/2. Thischanges Eq. 3-20 to:

2

Vo .
P :20 snd (3-21)

av
0

When theanglein Eq. 3-21isvery smdl, snd @tan d, so we find that the power

lossis proportiona to tan d, known as the loss tangent:

2

V
P, = 2; tand (3-22)

av
0

The loss tangent is reated to the real and imaginary components of the complex
impedance. Applying Euler's formulato the expression for Z found in Eq. 3-4, the

complex impedance can be written:
Z' =z,e" =2Z,cosf -iZ,dnf (3-23)
Comparing thiswith Z = Z¢—iZ2, the components of the complex impedance become:
Z'=Z, cosf (3-24)
and,
Z"=Z,dnf (3-25)

Dividing Eq. 3-25 by Eq. 3-24 yidds
ZII
— =tanf 3-26
= (3-26)

From above however, it was shown that f is replaced with d, giving:
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tand = £ (3-27)
ZII

Replacing Z¢and Z2 by the expressions in Egs. 3-11 and 3-12,

tand = !

(3-28)

PP

Therefore, the loss tangent can be determined solely from the complex impedance
and the bulk eectrica properties of the materid. Thus, a smple impedance measurement
can yield the power absorption of the didlectric materid being investigated. Changesin
the loss tangent indicate changesin amaterid’ s crystd structure and its didlectric

behavior.'®

E. Permittivity
The polarization of a dielectric materia depends on the net dipole moment ina
volume of that materid. The polarization for alinear didectric (which SBN can be

gpproximated to be) depends linearly on the gpplied eectric field:
P=ecE (3-29)
where the susceptibility of the materid, ¢, is dependent on the crysta structure of
the didectric materid.
In order to separate the applied eectric field from the smdl fields set up by the
dipole polarization, we write the polarization and dectric field in acombined reationship

caled the éectric displacement:

10 Macdonald, p. 7.
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B=eE+P (3-30)
replacing the polarizetion with Eq. 3-29 yidds:

D =g, (1+C)E =kE (3-31)
wherek = ep(1+c).

Redtive permittivity, e, also caled the didectric congtant is k divided by ep.
k
e’ —=(1+c) (3-32)
&

Vaues of the didectric congtant for many materids are found in common
resource manuds. By definition, the reldive permittivity of avacuumis 1. For
comparison, the didectric congtant of didtilled water, ahighly polarizable materid, is
80.1.1"

To illugrate the affects of the didectric congtant on polarization and other
electrica properties, consider the empty cell capacitor in Fig. 3.3. If adab of adidectric
with a characterigtic dielectric constant e and thickness| is placed between the plates, the

capacitance becomes:

C- eﬁi -, (3-33)

Therefore, the rlative permittivity of a dielectric materid tendsto increaseits
capacitance. Thisisdueto theinternd eectric fields set up ingde the didectric through

the polarization effects of the field between the capacitor plates.

11 p. J. Griffiths, ntroduction to Electrodynamics, 3 ed., (Prentice, New Jersey, 1999), pp. 179-180.
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F. Complex Representation

Just asimpedance can be written in terms of red and imaginary components,
relative permittivity can be consdered a complex quantity. It can be written with the
usud notation as:

e =¢e-id' (3-34)

The components of the complex permittivity can be written in terms of the bulk
resstive and cagpacitive ementsin the model circuit in Fig. 3.2. Firg, we must assume
that the didectric that is being modeled by this circuit has been placed in an empty cell
capacitor with capacitance Cy as described above. Then, we define the following

functions, cdled immittance functions.

The admittance,
i
Y =— 335
= (3-39)
The modulus,
M’ =iwC,Z (3-36)
The admittance can be written as.
Y’ =G, +iwC, (3-37)
1 .
where G, = R is known as the conductance.
P
The complex dielectric congtant can be determined from these immittances as.
. 1
e =—— 3-38
vE (3-38)

Combining this definition and Egs. 3-36, 3-37 and 3-38,
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(3-39)

Simplifying this expression and putting it into complex and red component form,
we can determine the complex dielectric constant in terms of the bulk capacitance and

res gance of the didectric materid:

C
=L (3-40)
G
and,
G
g@=—! (3-41)
WG,

Thus, Egs. 3-40 and 3-41 depend separately on the bulk eectrical components of
Fig. 3.2, unlike the coupled equations for the complex impedance givenin Egs. 3-11 and
3-12. Thus, spesking in terms of the complex dielectric congtant will alow usto separate
conductance and capacitance changes during this experiment.

To put the complex didectric congtant in terms of the red and imaginary
components of the complex impedance, Eq. 3-39 iswritten:

1 1

€ =—T—-=- . (3-42)
WC,Z  IwWC,(Z'-iZ")

Multiplying numerator and denominator of Eq. 3-42 by the complex conjugate of
Z leaves.

_ 7wz
€ =
IWC, (Z'2+2"7)

(3-43)

Simplifying this and substituting Zo? for Z& + 722 gives:
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e= Z (3-44)
wC,Z§
and,
=L (3-45)
V\COZO

G. Impedance Bridge
Complex impedance is measured with a sengtive device known as an impedance

bridge. A very ampleimpedance bridgeisillusrated below in Fig. 3.5:

@

C\ Precizion capacitar
| 1

|
Crystal zample ]
© - I . ©
u} s P ]
Detector u s [
o
Large precision resistor \

LT

®

Figure3.5: Simpleimpedance bridge'®. A known voltage, V, is applied and the R, and C,, values adjusted
until the detector measures a null voltage.

12 Danid, p. 88.



25
The didlectric sampleis placed in the capacitor, Co, inam 1. Arms2and 4

conss of ahigh precison fixed capacitor and resistor. Arm 3 isthe circuit givenin Fg.
3.2 with variable resstance and capacitance. An dternating voltage is applied across two
corners of thebridge. R, and C,, are then tuned until a detector between the opposite
corners of the rectangle detects zero voltage. The bridge is now balanced.

For a balanced bridge, the impedances of each arm are related so that:

Z; (WZ;(W) =Z,(W)Z; (W) (3-46)

SinceZ,’, Z3 ,and Z; are known quantities, the impedance of the didectric
sample can be caculated easily and an arc computed.*®

Modern indudtria bridges such as the one used in this investigation are not nearly
as9ImpleasFig. 3.5. Most measure the current and phase lag of the eectricd sgna
through the didectric sample and use computer programs to cdculate the impedance and
bulk eectrica properties. Redl materials will not produce the idedl impedance arcs
discussed above. For instance, a non-Debye didectric that has severd time congtants will
produce a depressed arc (the center of the arc islocated below the Z¢axis). Nonetheless,
the developments above lay out adequately the requisite theory and equations to anayze

the impedance data produced in this investigation.**

13 Danid, p. 88.
14 Macdonald, pp. 15-17.



V. Experiment

The bagis for this experiment is the assumption that illuminated SBN will be
sgnificantly more dectrically conductive than the dark sample. By combining
impedance spectroscopy and illumination at various optical powers and wavelengths, the

mechanisms behind this change in conductivity can be explored.

A. Crystal Sample

This experiment was conducted on an unpoled crystal dab of pure SBN. The
trangparent Sngle crysta, pictured below in Fig. 4.1, isaplatdlet 1.1 mmthick. In order
to ensure good eectrica contact between the sample and the impedance spectrometer, it
was hecessary to coat the large faces of the crystd with a conducting e ectrode layer.
Intidly, athin layer of gold was deposited on the sample through a sputtering process.
The gold did not adhere well to the crystal surface and flaked off easlly. To combat this
problem, the gold was removed and the crystal faces were polished with a polishing
whed. Then, the crystd was coated with an duminum film with a vacuum evaporator.
The duminum, while not as maleable as the gold, adhered much better and provided

good dectrica contact.

26
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Figure4.1: Froml-r, the aluminum-coated SBN sample, the gold foil placed between the sample and the

top plate of the test cell, and the gold foil placed between the sample and the center test probe.

B. Impedance Spectroscopy Setup

Theimpedance bridge for this experiment is a Schiumberger S| 1255 Solartron
HF Frequency Response Andyzer. The bridge is interfaced with control and analysis
software on an IBM PC through a Generd Purpose Information Bus. The Solartron
impedance andyzer is capable of generating Sgnas over alarge dynamic frequency
range from 10°® to 10° Hz.

Thetest cdl for the crystd sampleisapardld plate capacitor specidly
congtructed to minimize fringing fields from the plate edges and provide accurate
approximations of the empty cell capacitance. Seen in the schematics and photograph
below, the test cell consisted of a bottom plate with an eectricaly isolated center probe
with adiameter of 3.1 mm. When the plates are separated by 1.1 mm (the thickness of

the crysta sample) the empty cell capacitance, Co, is 0.056 pF.
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The crystd sample was placed on this bottom stage with asmadl circle of gold

foil with the same diameter as the probe to improve eectrica contact between the
auminum dectrodes on the crystd and the probe. The top stage was a circular plate of
copper with a pring tenson device to hold the crysta in place. A second sheet of gold
foil was sandwiched between the top stage and the crystal sample. The signa from the
Solartron andyzer was fed into coaxia cables and attached to the test cell. Because of its
careful congruction, the entire test cell was eectricaly grounded except for the bottom
probe and the top plate. Because of this, fringing fields around the probe edges were kept

to aminimum.

To ground

r To Impedance Bridge

—— 44— Top plate

Sample

Bottom stage ————

To Impedance Bridge
To ground

Figure4.2: Schematic of test cell. The stageiselectrically grounded except for the center probe of the
bottom plate and the top electrode plate.
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Eottom Stage

Electrically izalated center
probe

NP

Figure4.3: Diagram of the bottom stage of the test cell. The stage is constructed from copper. Theinner
circle of 3.1 mmdiameter isinsulated fromtherest of the stage. The sampleis placed on a small circle of
gold foil onthe center probe. Therest of the stage is connected to ground.

Figure4.4: Test cell under 488nmillumination. Theright hand side coaxial cable carriesthelow voltage
signal fromthe Solartron impedance bridge; the left side cable carriesthe high voltage signal. Thewire
attached to the top plate of the sample holder is a thermocouple used to measure temperature
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C. Optical Setup

For the purposes of this investigation, we needed to obtain a stable, powerful laser
source and an optica setup that dlowed us to control the intendty and polarization of the
illumination that reached the crystal. The laser used was a Spectra- Physics argon-ion
laser capable of outputting light at 458, 477, 488, and 515 nm at output powers up to 3
Wetts.

The optical layout, asillustrated below, passed the laser output through a
cylindrical lensin order to spread the beam out dong the horizontd axis. Thelarge
convex lens focused this wide beam into a controllable wedge of light. By placing the
test cdl at different distances from the lens, we could determine exactly what volume of
the crystd was being illuminated. For this experiment, we desired that the entire volume
of the crystd beilluminated. The sample holder was positioned so that the beam waist a

the sample was 2.59 mm, which is about twice the height of the crysd.

firrar
\

Sample holder

Cylindrical lens
R
Mirrar ™

convex lens

Figure4.5: Optical tablelayout.
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Ar-lon laser

Sample holder

Figure4.6: Sampleilluminated with 488nmlight. Shown isthe large convex lens and the sample holder.
The cylindrical lensis obscured by a beamtrap. Note the flat wedge of light that illuminates the crystal.

Cylindrical lens

Convex lens

Figure4.7: Cylindrical and convex lenses.



32

D. Absorption and Polarization Data

Before an optica experiment could be performed on this sample, it was necessary
to determine how it affects light. Two benchmarks of acrystd’s responseto light areits
absorption spectrum and the orientation of the c-axis.

Owing to the band structure discussed in Chapter 11, solid-state materias absorb
certain wavelengths of light more than others. To get the SBN absorption spectrum in the
vigble and ultra-violet regimes, the sample was placed in aHewlett Packard 8452A
Diode Array Spectrophotometer. This device passed light at wavelengths from about
200nm to 700nm through the sample to a detector that measured the amount of light
absorbed by the sample. The resulting spectrum, shown below in Fig. 4.8, shows that the
crystd isvery transparent until approximately 390nm. This sharp increase in absorbance
is known as the band-edge and is a measure of the band-gap energy of the crystd.
Photons in 390nm or shorter wavelength light have enough energy to excite vaence
electrons to the conduction band.

At arange of wavelengths from 390nm to gpproximately 600nm, the crystd
exhibits nonzero absorption. Thisis compelling evidence for inter-band Sites. Electrons
in inter-band sites need less energy to be excited into the conduction band than do the
vaence dectrons. Therefore, the rdatively low concentration of inter-band energy

electrons absorbs some of the lower energy, longer wavelength light.
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Figure 4.8: UV-Visible absorption of SBN (dashed line is the absor ption of a cerium doped
sample of SBN to be used in further experiments)

A dmilar sudy of absorption in the far infrared region conducted with a Bio-Rad
Excdibur FTS-3500 ARX FT-IR Spectrometer reveded that the pure sample does not
have any sgnificant absorption in the longer wavelength infrared spectrum.

The Argon-lon laser istherefore agood tool for investigating optical effectsin
SBN because dl of its emission lines have longer wavelengths than the band-edge and
are not completely absorbed by the sample. At the same time, appreciable amounts of
inter-band e ectrons would be promoted to the conduction a the wavelengths emitted by
the Argon-lon laser.

In addition to being photoconductive and ferrodectric, SBN is aso birefringent.
A birefringent crystd has a different index of refraction dong the c-axis (for SBN, thisis
the axis perpendicular to the oxygen plane, pictured in Fig. 2.1) than the other crysta

axes. If the c-axis of abirefringent crystd is perpendicular to the light incident to thet



crystd, light will exit the crysta with one component affected by the index of

refraction of the c-axis and another component affected by the other index.®® To test this,
the sample was illuminated with light polarized first pardld and then perpendicular to

the sample holder plates. The exit beam was viewed through a second polarizer. If the
second polarizer could be rotated to some angle and dl the light exiting the crystal was
blocked, thisis evidence that the c-axisis pardld to the direction of the incident beam:
the light beam was affected by only one index of refraction. If no amount of rotetion
blocks dl the light, then the c-axisis perpendicular to the light beam. Using this
procedure, it was determined that the c-axis for our SBN sample was oriented in aplane

pardld to the light incident on the sample holder.

E. Experimental Procedure

Once the sample had been properly seated in the test cell and the optics
sufficiently tuned and focused, the experiment itsaf was quite smple. After warming up
the laser and impedance spectroscopy apparatus, the Solartron software controller was
configured to apply asgnd over a specified range of frequencies across the sample
holder plates. For most measurements, the lowest frequency was ether 0.1 or 1.0 Hz and
the highest 1.0 MHz. Once the dark impedance measurement was completed and stored,
the crystd was illuminated with the Argontion laser at 0.5 Watt output power. Table 4.8
below ligts the approximate incident intengity and optica power on the crysta sample at a
given laser output power. It isinteresting to note that the intensities used in this

experiment were of the same order of magnitude as those commonly used to in wave-

15 G. R. Fowles, Introduction to Modern Optics, (Dover, New Y ork, 1975), p. 169.




guide experiments on SBN. The Solartron impedance software was run again and the
illuminated measurements stored.  This procedure was repegated in increments of 0.5 Wait

to amaximum of 3.0 W laser power.

Laser Power (W)| Incident Intensity (kW/mZ) Incident Power (mW)
0.5 30 320
1.0 60 640
1.5 90 964
2.0 120 1298
2.5 150 1610
3.0 180 1930

Table 4.8: Approximate optical intensity and power incident on crystal at a given laser output power

V. Results

The experimentd results presented below represent the data obtained from a
gangle configuration of the SBN samplein the pardle platetest cell. The uncertaintiesin
these measurements are quite smdl, on the order of afew percent. The values presented
below: conductance, capacitance, impedance, and loss tangent, are dependent on the
dimensions and configuration of the sample and test apparatus. The trendsin this data,

however, are quite representative of the dectrica behavior of SBN in generdl.

A. Impedance Plot for 488nm
A plot of the complex impedance datafor SBN illuminated at 488nm at

increasing laser output power reved s the impedance arcs shown in Fig. 5.1. When
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graphed as 72 againg Z¢ the low frequency data plots on the far right Side of each

curve and high frequency pointsfal on the left Sde.

6000 4 /
./
g —MB—Dark
=3 —e—05W
N [ v 1.0 W
2000 b B —w—15W
/ \ 2.0W
—d —4—25W
1 ::/‘ N
i/[/ \‘ 3.0 W
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o4 2
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0 2000 4000 6000 8000

Figure5. 1: Impedance plot for SBN illuminated with 488nm at 0.5W to 3.0W laser power. The frequency

of the applied voltage signal ranges from 0.1 Hzto 1.0 MHz for this data.

From Eq. 3-13, the right-most Z¢intercept of the arc isat Z¢= R,, the bulk
resstance of the sample. Theintercept for the dark sample occurs at a frequency beyond
the present experimentd range, but is approximated, through severa low frequency
measurements, to be on the order of 10*2 W. Under illumination, the SBN becomes much
more conductive. The impedance arcs become smdller, and the Z¢intercept decreases.

A close examination of the arcs themselves shows that, especidly at low optica
powers, the arcs are depressed or have their centers below the Z¢axis. This depressed arc
impliesthat, in the dark and at low output powers, SBN tends to behave like a non-

Debeye didectric. Aspower isincreased however, the arc becomes more semicircular,



indicating that the crystd is closer to the ideadl Debeye didectric with asingletime

congtant.*®

B. Conductance and Electron Transport M echanism

The logarithmic plot of conductance againg frequency for SBN at 488nm is given

inFg. 52

—B—Dark SBN

—8—488nm 0.5 Watt
488nm 1.0 Watt

—V¥—488nm 1.5 Watt
488nm 2.0 Watt
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488nm 3.0 Watt \
7 //
)
i NP,

— =Y
4——1—= v

.16 —
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> ]
] o

24 —

-26 — //./

Figure 5.2: Conductance, G vs. frequency of applied voltage for SBN at 488nm

Thefirgt sgnificant feeture of Fg. 5.2 is the gpproximately linear nature of the
dark conductance data. A linear dope in the log-log plot of conductance vs. frequency
meansthat G, isproportiond to f °, where sisthe dope of thelog-log line. Thisimplies

that the primary eectron trangport mechanism in dark SBN is eectron hopping. Electron

18 Macdonald, pp. 15-17.
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hopping occurs when thermaly excited dectrons hop from one adjacent Site to another

without first being excited into the conduction band.*”-18:19

From Fig. 5.2, itisobvious that dark SBN exhibits e ectron-hopping behavior.
Under illumination, however, the log-log conductance curves become strongly non
linear, especidly a low frequencies. Thisis compelling evidence that illumination
changes the materid’ s eectron transport mechanism.

M. Abkowitz, et a, showed in a 1974 paper on eectron hopping that hopping is
the main trangport mechanism for many highly insulating crystaline and amorphous
photoconductive materids.

Furthermore, there is a strong qudlitative agreement between the illuminated
conductance of our SBN sample and the amorphous photoconductive materids
investigated by Abkowitz. The same low frequency nontlinearities are observed in both
cases.

However, Abkowitz determined that the change in conductance, DG ° G;j - Ggark
(where Gy and Gyark are the illuminated and dark conductance, respectively), was
frequency independent. We observed that the increase in conductance for SBN does
depend on the frequency of the gpplied eectricad sgna. The conductance change for

SBN at 1.0, 2.0, and 3.0 W of laser power are givenin Fig. 5.3:

1"M. Pollak and T. H. Geballe, “Low-Frequency Conductivity Due to Hopping Processesin Silicon,” Phys.
Rev. 122, 6 (1961)

18 M. Pollak, “ Temperature Dependence of ac Hopping Conductivity,” Phys. Rev. 138, 6A (1965)

19M. Pollack, “Approximationsfor the ac Impurity Hopping Conduction,” Phys. Rev. 133, 2A (1964)
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Figure5.3: Changein conductance vs. frequency of the applied voltage. Note that the change
from 10 Hz to 100 Hz is approximately independent of applied frequency while the data above 100 Hzis
highly dependent.

At low frequencies, the datain Fig. 5.3 does exhibit very weak frequency
dependence smilar to the results noted by Abkowitz in his crysaline and amorphous
insulators. Above gpproximately 100 Hz, however, the change in conductance in SBN
becomes very dependant on frequency. While the low frequency conductance is roughly
proportiond to laser power, the data above 100 Hz isnot. Thereis adisproportionately
grester incresse in high-frequency conductance at high laser power than at low power.?°

The DG power dependenceisillugtrated in Fig. 5.4:

20 M. Abkowitz, et al, “AC Conductivity and AC Photoconductivity in Amorphous and Crystalline
Insulators,” Phys. Rev. 9, 4 (1974).
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Figure5.4: Power dependence of OG5 for 0.1 Hz and 10 kHz data.

From Fig. 5.4, we see that, at low frequencies, in thiscase 0.1 Hz, anincreasein
power yields a corresponding linear conductance response. At high frequencies,
however, this linear relationship breaks down and increasing laser power yields
disproportionate increases in the conductance of SBN, as shown by the nonlinear curve

for the 10 kHz data.

C. Loss Tangent

The loss tangent has been shown in Chapter 111 to be ameasure of eectricd

power loss. The loss tangent datafor SBN under 488nm illumination isgiven in Fig. 5.5.
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Figure5.5: Semi-log plot of loss tangent vs. frequency of the applied voltage for 488nm

In the dark, there is very little power loss. Asoptical power isincreased, the low
frequency power loss increases subgtantidly. From Fig. 5.2, it is obvious that
conductance increases sgnificantly under illumination. Thisincrease in conductance
may account for the large spike in the sample’ s loss tangent. As more chargeis released
through photoconductance, more of the power supplied by the applied sgnd can be
absorbed by the sample. Therefore, we would expect to see an increase in power [0ss

with the corresponding increase in conductance.

D. Temperature Dependence
Depositing up to 1900 mW of optica energy on asmal crystal will tend to hest it
up through optica absorption. This therma energy will have some effect on the

electrica properties of the crystd. It is therefore necessary to demondirate for this
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experiment that the drastic dectrica changes observed are due to optica excitation and

not thermd effects.

In order to determine how much the crystd’ s temperature was changing under
illumination, a thermocouple (an dectrica device that measures temperature) was put in
therma contact with the top plate of thetest cell. The crystd was then illuminated with
1.0W of output power a 477, 488, and 515nm and allowed to come to thermal
equilibrium. The highest temperature recorded was 24.2°C at 477nm, only about five
degrees above the average room temperature.

The thermocouple was aso placed in the beam behind the crystd to determine the
magnitude of any other absorption temperature effects. The highest temperature
measured was 32.7°C, again a 477nm. As soon as the beam was blocked, the measured
temperature decreased rapidly, an indication that this heating was predominantly due
mostly to the optical absorption of the dark thermocouple. Thisisnot likely the case for
the crysd.

These tests gave us agood indication of the heating magnitude: the crystd
temperature would increase at most 10-12°C and mogt likely only 4-5°C under
illumination.

Once this range was established, the test cell and SBN sample were placed inan
insulating box with avariable heat source. The test cell was attached to the Solartron
bridge and the thermocouple placed in contact with the sample stage. Measurements
were conducted from room temperature to aimost 70°C, more than twice the largest

observed temperature under illumination.



The impedance datafor SBN at elevated temperatures from 1.0 Hz to 1.0 MHz

isgivenin FHg. 5.6:
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Figure 5.6: Complex impedance of heated SBN from 1.0 Hzto 1.0 MHz applied voltage freguency.

Comparing Fig. 5.6 with the 1.0 Hz to 1.0 MHz impedance data produced under
illumination in Fg. 5.1, it is obvious that eevated temperatures do not affect the bulk
resstance of SBN with nearly the same magnitude as does optica excitation.

Even more compelling evidence that thermal effects are different from optica
changes comes from comparing the bulk capacitance and loss tangent data. Under
illumination, the capacitance of SBN did not exhibit sgnificant changes from the dark

data:
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Figure 5.7: Capacitance, Cy, for SBN under illumination with 488nm.

An examination of Fig. 5.7 shows that, even at low frequencies, the capacitance

vauesfor theilluminated measurements do not vary greetly from the dark sample.

With devated temperature, however, this capacitance changed significantly:
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Figure 5.8: Capacitance, C,, for SBN at increasing temperature.
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Comparing Fig. 5.8 with Fig. 5.7, it is obvious that increasing the temperature
tends to shift the capacitance of the SBN sample up uniformly over al frequency
regimes, while illumination does not.

The difference between the dark and illuminated capacitance curvesin Fig. 5.7
can be used to further justify the temperature range established with the thermocouple
data. The changein capacitance at 1.0 kHz between dark SBN and the sample
illuminated with 3.0 W of 488nm light is 16.6 pF from Fig. 5.7. Correspondingly, a
capacitance increase of 16 pF in Fig. 5.8 coincides with a temperature change of 14°C.

Thefind evidence that the changes observed at 488nm were not due to optica
heating of the crystal comes from the loss tangent and conductance data. Fig. 5.4 shows
aubgtantia increase in the low frequency power loss under illumination. Under a
temperature increase, however, the loss tangent shown in Fig. 5.9 varies only dightly

from the room temperature sample.
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Figure5.9: Semi-logarithm plot of the loss tangent vs. applied voltage frequency for temperature data.



Fig. 5.2, thelog-log plot of conductance versus frequency for various laser

powers, showed that the electron transport mechanism changes between the dark and

illuminated measurements. The same plot for various temperatures, given in Fg. 5.10,

exhibits none of the strong non-linearities observed under illumination.
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Figure5.10: Logarithm plot of conductance, G, vs. frequency for elevated temperature.

Even a an increase of 50°C above room temperature, the conductance plot for

SBN isstrongly linear. Obvioudy, the optical data shows a very strong nortlinear

deviation that is absent in the temperature data. Thus, the small temperature increase that

occurs under illumination cannot be the cause of the striking changes seen in Fig. 5.2.

The conduction mechanism for dark SBN appears to remain eectron hopping from room

temperature to 70°C. Photoconductivity, and

not thermd effects must then dominate the

changes observed in the optically stimulated conductance measurements. These results

46



47
confirm that the electrical changes recorded in Sections A, B and C are dominated by

optica excitation.

E. Wavelength and Polarization Effects

The optical set-up for this experiment is flexible enough to support investigations
across a spectrum of wavelengths and polarizations. Looking at the impedance datain
Fig. 5.10 at 458, 488, and 515nm revedls that the observed changes are stronger for
shorter wavelengths. This was expected, as shorter waveength light has more energetic

photons and could therefore excite more band-gap e ectrons to the conduction band.
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Figure5.11: Impedance plot for 1.0 Hzto 1.0 MHz frequency of the applied voltage for SBN at 0.5 W laser

light at 458nm, 488nm, and 515nm

Similar trends are obvious in the conductance data, shown in Fig. 5.12:
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Figure5.12: Log plot of conductance vs. frequency of the applied voltage at 515, 488, and 458nm.

The most substantia change in eectron trangport is found at the shortest, most
energetic optical waveength.

Polarization of light refersto the orientation of the dectric field component of
electromagnetic waves that make up the radiation. The direction of the polarization
indicates the plane in which the dectric field vector of the light wave oscillates. Using a
tunable polarizer between the laser and the cylindricd lens, we illuminated the crystd
with horizontally and verticaly polarized 515nm light at 0.5W. Theresultsare

summarized below in Figs. 5.13 and 5.14.

48



18000—-
16000—-
14000—-
12000—-
10000—-

g 8000
<

6000

7"

4000

2000

-2000

/

—B—Dark SBN

—O®—515nm 0.5W Unpolarized
515nm 0.5W Horizontal

—WV¥—515nm 0.5W Vertical

0

T T T T T T T T T T T T T T T
1000 2000 3000 4000 5000 6000 7000 8000

Z' (MW

49

Figure5.13: Impedance plot at 0.1 Hzto 1.0 MHz frequency of the applied voltage for SBN illuminated

with unpolarized and polarized 515nmlight at 0.5W
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Figure5.14: Log plot of conductance vs. frequency of the applied voltage for polarized light.

-14

-16 -

-18

-20 —

22 <

24 ]

-26 -

—B—Dark SBN »

—®—515nm 0.5W Unpolarized
515nm 0.5W Horizontal

—W¥—515nm 0.5W Vertical




50
No significant polarization effects were observed. Thiswas expected asthe c-

axis had been determined to be paradld to the propagetion of the incident light.

V1. Conclusions

This study has shown that a.c. impedance spectroscopy is auseful tool in
evauating the eectrical properties of SBN under opticd stimulation. Ultraviolet, visble
and infrared absorption measurements of a crystal sample of SBN revealed aband gap
energy corresponding to awavelength of gpproximatey 390nm. In addition, the
absorption data indicates that wavelengths associated with an Argon ion laser would be
absorbed by the crystd, but would not exceed the bandgap energy. Significant inter-band
energy dates were evident in SBN from wavelengths of 390nm to longer than 500nm.
Thus, the a.c. impedance investigation concentrated on the photoconductive behavior of
SBN with opticd simulation over awave ength range from 458nm to 515nm.

In the dark, this experiment showed that SBN is avery good insulator with very
few conduction eectrons. The primary eectron trangport mechanism is hopping as
electrons move randomly from Ste to adjacent site without entering the conduction band.
Asilluminaion isintroduced, SBN becomes less resstive and much more conductive.
Electrons are excited out of states in the bandgap and into the conduction band. The
main trangport mechanism is no longer hopping: eectrons are excited into the conduction
band where they are mobile and consequently re-trapped into vaence and inter-band

energy states.
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For SBN, the low frequency increase in conductance while under illumination

isindependent of the frequency of the applied voltage and increases linearly with gpplied
optica power. At high applied dectricad sgna frequencies, however, this changein
conductance becomes dependent on frequency and is no longer proportiona to optical
power.

When dark SBN is heated from room temperature to 70°C, the eectron transport
mechanism remains hopping. Despite a measurable decrease in impedance, it was shown
that, within arange of incident power from 320 to 1930mW, optica excitation effects
greatly overwhem any thermd effects that may occur with optical absorption.

The photoconductivity of SBN was shown to be wavelength dependant in the
blue-green from 458 to 515nm, with shorter wavelength, higher frequency radiation
promoting a grester amount of charge to the conduction band. Polarization effects were
not afactor in this crystal orientation, as the c-axis was pardld to the propagation of the
incident light.

While this investigation shed much light on the dectrical behavior and trangport
mechanism of photoconductive SBN, it also raised many new questions. In order to
refine the results of this investigation and expand the eectrical modd of SBN, we intend
to repeat the experiments detailed above on a sample of SBN doped with cerium to
investigate the effects doping has on the transport mechanism. We dso intend to
investigate the effect of poling these samples, especialy the effect on the didectric
condant. Findly, we hope to perform a series of experiments on partidly illuminated

SBN and compare those results with the fully illuminated impedance and didlectric data.
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Appendix: Optical effectsin SBN

A. Linear Electro-optic Effect

When SBN isilluminated bound charges from the crystd |attice are elevated to
the conduction band. In a non-uniformly illuminated crystd of SBN, only dectronsin
the bright regions will have sufficient energy to jump across the band gap. These mobile
eectronswill drift, viadiffuson, through the illuminated crystd lattice until they enter a
dark region. Thus, eectrons are trgpped and “frozen,” unable to move. This charge
reorganization tends to set up a dtatic dectric field, known as a space-charge fied, in the
crysd, as alayer of negative chargeis built up in the dark region and positive charge
accumulates in the lighted areas. For adidectric such as SBN, these dtatic fidlds can
have important consegquences for the material’ s optica properties.

For adidectric materid, polarization depends on the gpplied eectric field, the
didectric congtant of the materid and the susceptibility. Thisiswritten:

P=gcCE (A-1)

where the polarization is avector determined by: ey, the permittivity of free space (a
physica constant); ¢, the didectric’s susceptibility to polarization; and E , the dectric
field vector.

Light is an eectromagnetic wave condsting of an dectric fiedd and a magnetic
field propagating through space. For intense laser light, the magnitude of the eectric
field component can be large enough for the linear relationship of Eq. A-1 to break down.

Taking this non+linear effect and expanding the magnitudes of A-1 as a power series

gives
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P=g(cPE+c?E*+cPE’+..) (A-2)
where ¢ isthe linear susceptibility in (1), and c¢®, ¢®,... are the non-linear
susceptibilities.
SBN crystd structure lacks aquality known asinverson symmetry. In other
words, there are directions within the crystd such that, if trandation by ' locatesan
atom, trandation by - 1 will not. For example, if abody-centered cubic lattice hasiits
center atom displaced dightly, the resulting structure lacks inverson symmetry.  For
crystals without inversion symmetry, the ¢® term will dominate the non linear optical
effects. Of the phenomena associated with ¢(?, the linear ectro-optic effect dedswith

the effect of asmadl gatic fidd on the optical nature of the crystd.
If an electron in the crysta lattice can be assumed to be a small mass m of charge
eon agoring that oscillatesin one direction with a damping coefficient g and a resonant

frequency wop, one can write the equation of motion:

Mm%+ mkx + mw,*x +ma,x? = - dE(W) + E, ] (A-3)
where the |eft Sde of the equation consists of terms representing acceleration, damping,
and aHooke' s law spring term.  The fourth term is the quadratic correction dueto ¢?.
Theright sde of the equetion is the eectrica force (rememberingthat F = qE)

generated by the charge on the eectron; the eectric field component of light, E(w); and

the space-charge field, By, generated by the photoconductivity of SBN.



Assuming the quadratic correction to the spring force to be very smdl, it can be
shown that the gtatic field serves only to displace the dectron. We can then write Eq. A-

3intermsof anew variadle:
X = X+ €E, /mw,’ (A-4)
where X is the displacement of the eectron.
In terms of Eq. A-4, the equation of motion becomes, after disregarding smal
terms proportional to Ey?:
mX + mkx +mWw,” - 20,6E, /mw,”)x + ma,x* = - eE(w) (A-5)
Comparing Eg. A-5 to the equation of motion of the bound € ectron with no datic

fidd, it can be shown that the above rdaionship is the same, only with the resonant

frequency shifted by an amount:

Dw,”) = 20,eE, /mw’ (A-6)
where D(W) is the difference between the square of the resonant frequency and the
frequency termin Eq. A-5.

The solution of the equation of motion for an eectron that is unperturbed by a
datic fidd yidds the following relationship for the index of refraction, a measure of the

amount of interaction ameaterid has with light (usualy defined as the ratio of the speed

of light in avacuum to the speed of light in that materid):

n?- 1= (Ne?/me,)w,” - w?)™* (A-7)
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where nisthe index of refraction; N isthe eectron dengity of the materid; misthe

mass of one eectron; e is the fundamenta charge; ey is the permittivity of free space; wo
is the resonant frequency of the electron; and w is the frequency of the incident light??.

Combining Egs. A-6 and A-7 one can determine the effect this satic field will

have on the index of refraction:

— Q2e(n2 - 1) _
Dn = TR E, (A-8)

While this development has been smplified to only dedl with one dimension, it is
dlear that astatic field in acrystd that displays alarge ¢? will change the index of
refraction by avaduethat islinearly proportiond to the fiedld magnitude. Written in three
dimensions, Eq. A-8 becomes:
Dn,,, =- (M, /2 E, (A-9)
wherer, the eectro-optic coefficient, and n now depend on which axis of the crystd is
affected. Nonetheless, the effect remains linearly proportiona to the magnitude of the

datic fidd.??

B. Photorefractive Effect

Thisresult has profound implications for ferroeectric crystasthat display
photoconductivity through a phenomenon known as the photorefractive effect. The
cregtion of index gratingsin the crystd through the eectro-optic effect asthe crystd is

illuminated crestes interesting optica reections. Through photoconductivity, eectrons

21T, S. Moss, et al, Semiconductor Opto-Electronics, (Wiley, New York, 1964), pp. 254-257.
22 3. Feinberg, “ Photorefractive Nonlinear Optics,” Physics Today, October (1988) pp. 46-52.




are freed in the bright regions of these patterns and migrate to the dark. Static electric
fields are set up between these areas of charge. Through the linear €ectro-optic effect,
the index of refraction is changed in the regions affected by the space-chargefidds. A
materid’sindex of refraction is ameasure of how much light is affected in that medium.
A light beam seemsto bend, or refract, at an air-water interface because the index of
refraction of weter is higher than that of air. This meansthat the speed of light in water is
less than the speed of light inair. A light beam griking water a some glancing angle will
then bend toward the perpendicular asit travels through the water. A laser beam,
encountering the many index variations “written” in SBN through the photorefractive
effect, will be quite remarkably distorted.

In acommon photorefractive effect, known as two-beam coupling, apoled
photorefractive crystd isfird illuminated uniformly by one beam, known as the reference
beam, and then illuminated with a second tightly focused probe beam. In afew seconds,
the probe beam will begin to gain power and the reference beam get weeker. Insde the
crystd, through several complicated optical changes brought about by the index
“gratings,” the two beams have been coupled together and the probe beam robs the
reference beam of much of itsintensity.*

When laser light strikes poled SBN, it tends to scatter asit hits microscopic
imperfectionsin the crysta. These scattered beams interfere congtructively and
destructively, creating microscopic interference patterns of dark and light regionsin the
bulk of the crysta and interact, through two-beam coupling, with the origind incident

beam. If apoled sample of a photorefractive crystd, such as SBN, is hit with alaser

2 Feinberg, pp. 46-47.
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beam, the light will firgt travel through the crystdl unaffected. Gradudly, however, as
index variaions are written and the scattered beams couple with the incident light, the
beam exiting the crysta face will begin to spread out. After afew minutes, the exit beam
will become anarrow fan of light as it Soreads out, or diffracts, off of the many closdy
gpaced, microscopic index variations formed in the crystd.

Thisindex variaion can be controlled, as well, producing severd interesting
gpplications of the photorefractive effect. One such possible application is the crestion of
wave-guides, or regions of the crystd that channel light waves in the same manner as
fiber-optic cables. By contralling the Sze of the focused light beam that hits a poled
photorefractive crystd in the presence of a strong externd dectric field, one can produce
a semi-permanent index variaion only in the smdl region that was illuminated by the
laser. With a permanent region of higher refractive index, due to the linear eectro-optic
affect given in Eqg. A-9 above, any light incident on this crystal will be channdled, by

reflection and refraction, through this region with very small energy and power |osses.
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